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SUMMARY 



Results of flight tests to determine the turning per— 
foriuance of a Havy PSA— 3 airplane over a speed range of 
approximately 90 to 160 miles per hour for three flap de- 
flections at two altitudes are presented. In general, for 
horizontal turns, the use of the standard airplane partial- 
span split flaps does not app ear desirahle for this air- 
plane. Por turns involving a loss of altitude, the turning 
radius is decreased by the use of the flaps. 

The results of the flight tests have been correlated 
with an analytical study of turning perfornance in which 
the effect of thrust on maximum lift coefficient was con- 
sidered. It was found that tho turning performance of an 
airplane can be calculated v:ith satisfactory accuracy by 
the method described. 



IITTRODUCTIOir 



In order to arrive at a descriptive criterion of turn- 
ing performance, several performance characteristics must 
be considered. The radius of curvature of the flight path 
described by the airplane, the time to turn through a f:iven 
azimuth angle, and the loss ^f altitude in a given turn may 
be considered to be of paramount importance, since these 
arc measures of tho tightness of the turn, the rate of turn, 
and^tho ability of a combat plane to maintain or gain an 
altitude advantage over the opponent. 

In previous methods of calculating the turning per- 
formance of airplanes, the effect of thrust upon the maxi- 
mum lift coefficient has been neglected, and measurements 



made in the present investigation cons equont l^,- show a 
poor corr el.'o.t ion v/ith such calculations. In addition, 
the information availa'ble concerning the effect of flap 
deflection upon the turning perfornance and the effect 
of thrust upon the naxinum lift coefficient has "been in- 
adccuate for application to an actual problem. Conse- 
auently, v/hen the Bureau of Aeronautics, Kavy Department, 
requested that flight tests "be carried out to deterrainc 
the turning perfornance of a Havy F2A-3 airplane (iTo. 
0151S), in addition to the tests for this specific pur- 
pose, tests to determine the polo.r curves of the airplane 
for various flap deflections and the effect of thrust 
upon the maximum lift coeffi.ciont were made. She purpose 
of these latter tests was to establish data necessary to 
calculate turning performance. The tests necessary to 
determine turning performance itself were thus perhaps 
somewhat reduced in numher, although they were carried 
out for two altitudes and three flap deflections. 



APPARATUS 



S es cr ipAAQ^.. l"avy PoA--5 air v)l an e as flov/n . ~ 
'The llavy ^'SA-o airplane tested was a s ingl e— place , 
single— engine , midvring, pursuit-type, cantilever monoplane 
with retractalDle landing gear and partial-span split flaps, 
Pigure 1 is a three—view drawin^c, and figures 2 and 3 show 
the airplane, vrith flaps down, as instrumented for the 
flight tests, 

Gr en eral specifications are as follov/s: 

Airplane iTavy jr.?A--3, ITo, C1516 

Engine V/right 9 cylinder, 

H-1820-40, 1200 hhp 
at ;"J5 00 rpm and 45.5 
inches of mercury mani- 
fold pressure for take- 
off, 1000 hhp at 2.300 
rpm and 37,3 inches of 
mercxiry manifold pres- 
sure at 68 00 feet with 
blower in low— gear ratio, 
9 00 hhp at 2300 rpm and 
40.3 inches of mercury 
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Txaiiifold pressure at 
15,100 feet with 
"blo^rer in high— ^ear 
r at i 0 • 



Gear ratio . " 3 : 2 

Propeller . . Curtiss electric, con- 

stant speed. 

Dia^meter 10 feet, 5 inches 

IIuniDer of iDlades 3 

Puel capacity 160 gallons 

Weight aoid balance, norraal 
fight er : 

Gross ^-'eight 5515 pcMnds 

Center of gravity aft of 

the lee.ding edge .... P.S.15 percent M.A.C, 

Hange of center of 

gravity 21.5 to 33.8 hereon t 

::.A.c. 

W ing: 

3pan 35 foot 

Area (including 30.8 sq 
ft "blanketed by the 

fuselage) 208.9 square feet 

Airfoil ITACA 23000 series 

tapered by straight 
lines in plan fori:i 
and thickness from 
r cot t 0 t ip . The 
root and tip thick- 
ness are 18— percent 
and 9— percent chord, 
respectively. 

Incidence 0^ 
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lie an aer odynai': i c chcrd 



74.38 inches 



? 1 ap s : 



Length ( each ) 



8.47 feet 



Ar ea ( each ) 



8.22 sq-Aare feet 



Chord ( max. ) 



1.06 feet 



INSTRUKBiTT IITS TALLAS lOil 



ITACA instruments v^ere used to record pho t ogr aphi ca.lly 
as a function of time the follov/ing variables: airspeed; 
normal, longitudinal, and lateral a,ccel cr at ions ; pres— 
cure altitude; change of altitude; longitudinal inclina- 
tion; rolling, yav/ing, and pitching velocities; manifold 
press-Lire; engine revolutions per minute; engine torque; 
and a2':>pr o::.inat c angle of attack. Changes in azimuth dur- 
ing turns v.rere determined "by photographing the reading 
of a standard type directional gyroscope oy means of a 
mot i on— p i ctur e cajnora v/hich vras synchronized with the 
other records. The free— air tempera.turo v/as read from a 
standard— type airplane indicat ing thormomot or . 

The airspeed recorder vras connected to a freely 
sniveling pitot— static head, which v/as v.aned to align it- 
self v;ith the relative v/ind, and v/as located on a "boom 
extending ahout a chord length ahead of the left v/ing tip 
(figs, 2 and S). The position error of the airspeed head 
v/as found from flight tests to he negligiole. The rates 
of air flo^-/ through the static and totoJ,— pressure tuhes 
v/ere so balanced that flight involving a change in air 
density v:ould not cause an error in recorded airspeed. 
To minimize the effects of lag, the recorder itself v/as 
mounted at the haso of the Doom. 

The directional gyroscope v/as moLintec. in an internally 
lighted box. A calibration v/as made of the error in azi- 
muth reading created by operating the instrument at vari- 
ous angles of ban!-c and pitch. Inasm.uch as the directional 
gyroscope v/ould not function properly wlien it v/as banked 
uoTO than 55^, the instrument x-zas mounted v/ith an initial 
bank of 45'"^ to the right. All turns v/ero then made to 
the left. Thus, by uncaging the gyroscope in a left turn, 
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just priol" to the tino of taking records, it vras possi*blo 
to olDtain large angles of loft iDank without malfunction- 
ing 01 the gyroscope. 

The approximate angle of attack wasneasured direct- 
ly "by a vane pivoted to align itself, in pitch, v/ith the 
relative v;ind. The vane v;as mounted on a iDOom near the 
right v/ing tip and approximately one chord length ahead 
of the leading edge. Although, due to the ujov/ash , this 
instrument did not give a true value of the angle of 
at tad:, the records v/ore helpful in determining the prox- 
imity to the stall during the turning maneuvers. The 
angle of attack was determined more precisely in steady 
straight flight from data on change of altitude, true 
airspeed, and longitudinal inclination of the airplane. 

Density altitude v/as determined from the measure- 
ments of pressure altitude and free— air temperature. The 
general term "altitude," as used hereafter in the te:ct, 
denotes altitude in the standard atmosphere as determined 
"by density. 

The horsepower delivered hy the engine was determined 
"by the use of a Wright engine torc[uemeter and the revolu- 
tions 'oer minute recorder. 



SYMBOLS AlTD CCjii:^P IC ISHTS 



a acceleration, feet per second per second 

Gt) drag coefficient 

C-N. effective r-r of ile— drag coefficient 

Cjj lift coefficient 

d ;oropeller diameter, feet 

D drag of airplane, pounds 

P force, 2->ounds 

g acceleration of gravity, feet per second per. 
second ( 32. 2) 



change of p/osolute altitude in 360^ turn, feet 
(ACLCiS)/Te 

lift of airplane, pounds 

effective span loading, pounds per sq^uare foot 
iiias s , slugs 

dynamic pressure, pounds per sc[ua.re foot 
(1/2 

total pressure — static pressure, assumed to "be 
ec[Ual to Q in this report 

radius of curvature of flight path, feet 

radius of heli:>: cylinder, feot 

wing area, squ?.re feet 



p7^d^ 



^e 



effective propeller thrust, pounds 

time to turn 550^, seconds 
true airspeed, feet per second 

correct indicated air speed , m iles per hour 

(defined hy =^ 19^8 v^q~) 

c 

gross vreight of airplane, pounds 
~ '^^o 



\ J Is 
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V w / Is 

9 inclination of flight path to horizontal, degreec 

9q angle of clinb in straight flight, degrees 

c ratio of air density at altitude to standard 

air density at sea level 

cp angle of hank, degrees 

CO angular velocity, radians per second- 
Suhscripts: 

h horizontal 

L longitudinal 

I straight flight 

n nornal 

t turning flight 



CHEOHSTICAL CCITS IDEHA'riOlT 07 CALCULATIOiT 
. AHD IIEASUHEilSiTI OF SUHHIiTG PSH^i^OHIIAUCE 



2hr oiighout this report, the tern "radius of curva- 
ture" is used in preference to the terr. ^^radius of turn," 
since so:::e arahiquity nay arise in considering spiral 
flight as to whether the tern "radius of turn" refers to 
the radius of curvature of the flight p•^th or the radius 
of the cylinder about which the spiral path is made. The 
relation hetv/een the radius of curvat\ire of the flight 
path and that of the heli:c c^^linder nay "be shown to "be 



r = H c 0 s 9 



Che formula for computing the radius of curvature 
of the flight path of an airplane in steady turning 
flight may he dov eloped as follows: 
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Prom ITev/tcn's second lair of motion, 

P = m ah ( 1 ) 

figure 4(a) shovrs that the force producing the 
horizontal, or radial, acceleration along the Y axis is 

F = L sin cp (2) 

The axes shov/n in figure 4(a) and 4(13) are mutually 
perpendicular. The Z axis is vertical, and the X axis 
lies in the vertical plane of the flight path of the air- 
plane. The flight path is inclined to tho X axis at an 
angle 0. 

The equation for computing acceleration from speed 
.'ind radius of cxirvat^irc is known to "be 



^h T 



(3) 



v/h ere 

. (1.47 Yi)^ 
^ 



Piguro 4(a) also shows that 

Py L c 0 s cp 

and 

Py - \I c 0 s 9 

hence 

L c o s cp ~ ■ V c 0 s 0 ( 5 ) 

Suhstituting for P and an, the values as derived 

from equations (2), (3), (4), and (5), and placing m 
ec[Ual to W/g and L equal to nji gives 
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(1.47 Vi)^ 
o e,] { ; -cos' 



-) 1 / 2 



V 



(6) 



To use equation (o) to predict the radius of curva- 
ture at Various S23eeds, certain information about the 
airplane must oe availaole. This includes such items as 
weifjht , altitude, horsepower, revolutions per minute, and 
the lift— drag characteristics, of the airplane, or at least 
siiiiicient of its geometry to estimate them. 

In considering the application of equation (g) to 
the calculation of the minimum radius of curvature, it is 
apparent that the minimum radius of curvature at a given 
speed will "bo obtained at the maximum lift coefficient, 
She maximxxm lift coefficient attainable is dependent upon 
the thrust which is being delivered, and thus the varia- 
tion of with thrust coefficient must be available, 

Snov^ing the variation of thrust with airspeed for the 
specified conditions, the variation of the maximum lift 
coefficient vrith airspeed for these conditions can be com— 
pv.t ed • 

The angle 0 is eoual to sin^"^;-— ) . Thus 

\ / 

it is necessary to know Cj)^ for the specified condi- 
tions and value of Ct 



'vhile the above indicates the method for calculation 
of the radius of curvature in turns of minimum radius at 
various speeds, formula (S) can be used to predict the 
radi'as of curvature using any value of Ct less than 

^^ma^- -^^^ "^^-^ speed desired. Since ^ a^ , this 

'•7 S 

amounts to predicting turns at various normal accelera- 
tions. To determine G and airplane polar for the speci- 
fied ila}) condition is required. 

The time to tiirn through oSO^ can be found by con- 
sidering the space and velocity ccmipononi 3 in the horizon- 
tal pla^nc. 
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Thus 

t 

and using 

and equation (4) 



d i s t an c 0 _ 2 ji t 
velocity V cos 0 



R cos^ 0 



2 '1 a^/"'R cos G 



t = ( 7 ) 

1.47 Vi 

•The loss of altit\ide in a 360° turn is eq^ual to the 
vertical component of velocity multiplied hy the time to 

or 

AH = 2 TT a sin G cos 9 (s) 



turn through 360^, or 



Horizontal turns for the specified conditions at 
various speeds may oe considered as a sijecial case where 
the flight path angle 0 is zero. 



Jhen 



Dt 



in G = 0 



and 



- 3t qS (9) 



Knov/ing the thrust for the desired speed, Cj)^ can 

he computed from equation (9). The corresponding value 
of Cjj is taken from, the polar curve and substituted in 

equation (6) and the radius of curvature is determined, 

Por deriving radius of curvature from observed data, 
formulas \;ere develo-ped in v;hich terms readily deduced 
from the observations vere involved. In figure 4(h), the 
airplane normal and longitudinal accelerations, a^^ and 

aj^, respectively, lie in a plane through the flight path 
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and inclined at an angle of "bank cp to the XZ plane , • 
^The ^'•cctor a^^ is the vector sum of a^^ and aj^ and, 

for r.teady conditions, i?.ust lie in the ZY plane, "For • 

steady flight, a^ r.ust lie along the Y a::is and is 

e'a_^ual to the vector sum of a^ and the gravitational ac- 
celeration g. 

Ther ef or e 



aj^ = ^/an^ + aj^s ^ " ( lo) 



Sev/riting the general equation (S) 



S ii-:. ce 



V cos 9 = r uj 



r~?. cos^9 



• 1.47 7i 

(i:- cos 6 a^7^ix> cos 9 



(12) 



'Ihe value ca v/as determined directly from the 
photographically recorded indications of the directional 
gyroscope, or from the vector sum of the readings of the 
three turn meters v/hich recorded the angular velocities 
alDout the airplane axes. The flight-path angle 9 v/as 
determined with the aid of records of change of altitude, 



T'SSTS 



Ai rpla ne 'oolars Airpla,ne polars for the flaps— up, 
22 down, and 56° down (full-down) condit?.ons, with the 
landing gear up and the hood closed, were determined from 
a series of straight flights at altitudes "between 4000 
and 12,000 feet. These condit ions of flaps,- gear, and hood 
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corresponded to those used during the turn tests. Various 
powers from practically zero (throttle full iDack) to maxi- 
mum rated vere used during these tests. 

The v/eight of the airplane for each run was determined 
from the known take— off v/eight, fuel consumption, and time 
of flight. The "brake horsepower output was found from re- 
corded torq^uemeter and revolutions per minute indicator 
readings. The effective thrust was calculated from "crake 
horsepov^er, revolutions per minute, indicated airspeed, 
free— air temperature, and pressure— alt itude readings, 
assuming an efficiency curve similar to that of a three— 
hlade 5869— 9 propeller. Power coefficient and efficiency 
curves for this propeller are given in. reference 1. The 
flight— path angle 9 v;as computed by use of the readings 
of airspeed and altitude. 

Then 

W cos 0 , , 

0,, = —^ C13) 



and 



To + W sin 0 



Due to the unsteady conditions existing during the 
stalls, it was not posnihle to determine the drag coef- 
ficients at Ct . PIov;ever , numerous steady runs were 

made at speeds just ahove the stalling speed for the vari- 
ous flap and pov/er conditions, and the resiilts were ex- 
trapolated to Cj^ 

max 

Effect of thrust on Ct .— The effect of thrust on 
-^ max 

C-r v/as determined from the results of flight tests 

•^max 

v/hich consisted of a series of stalls with various power 
conditions from power'-cff to full— rated pov;er and v/ith 
various flap deflections. The flight tests were conducted 
at altitudes tetv/een 4000 and 12,000 "feet. During the 
power— off runs, the propeller vras placed in manual high 
pitch and hence delivered practically no effective thrust. 
In all of the stalls the airplane v/as pulled slov/ly from 
straight flight into a definitely stalleKl condition. 
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ITo corrections were made for change in ^Lj^^,. due to 
the rate of change of an^:le of attack. 

Sums.— Two types of turns were ynade , and in lioth 

the airplane was properly "banked to "give no acceleration 
along the airplane lateral axis. In the first type 

(turns at nearly Ct._ _) maxinun rated -pov/er -v/as applied, 

^ i ii: ax 

and the airplane v;as pu;lled intc the turn and held at a 
predetermined constant indicat od airspeed. Each turn v/as 
'ti^'ht-ened until stall v/arning in the form of buffeting v/as 
.o'otaincd. Airspeed vras held . constant "by allov/ing the al- 
titude to change. The airplane was then hold .as steady 
aJ5 possiole at these conditions while the records v/ere 
m ad e . 

In the second type (horisontal turns) each turn was 
started from, straight level flight at the predetermined 
indicated airspeed. She t\irn v;as tightened and simul- 
taneously pov/er vras applied to maintain constant speed 
and altitude, until maximum rated pov/or v/as developed. 
Again,, records were m.ade v/hile these conditions were hold 
.as stea.dy a.s possilDle, 

Both types of t\crns v;ere made with flap settings of 
0^, 22^, and 5S'^ within a range of from 90^' to 160-miles 
per hoL'.r indrcated airsjoeeds, and at altitudes of about 
13,0GC and 27,000 feet. The test condit i ons^ of v/eight, 
a.ltituda, and hrake horsepower vrere held within the fol- 
io v;ing limits : 

Turns at nominal altitiide of 13,000 feet: 

G-ross v/eight 6,000 to 5,500 pounds 

Altitude ....... 12, .150 to 14,050 feet 

(o- 0.69 0 to 0.649 ) 

Drake horsepovrer . . • 740 to 8 60 

Turns a.t nominal altitude of 27,000 feet: 

Gross \;eight • . , . 5,900 ... 3,550 pounds 

Altitude ...... 24,750 to 27,950 feet 

(a- 0.450 to 0.403) 
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Brake horsepower . . . 5 00 to SSO 

O?hough there v/ere slight changes of equipment v/eight 
iDetv/een the various test flights, the changes of airplane 
gross weight vrere clue chiefly to fuel consunpt i on during 
the flights.. The variations of altitude resulted nainly 
iron the difficulty of obtaining the desired altitude as 
the average for the recorded steady portions of the turns» 
The wide ranges of "brake horsepower arose principally fron 
mechanical difficulties experienced with the power plant . 
Three different engines were used during the turn—flight 
tests, and these engines were found to have different 
operating characteristics. Thus, v/hen similar manifold 
pressures and engine speeds were employed, different "brake 
horsepower outputs v/ere obtained from each of the three 
engines. The "brake horsepower of the third engine could 
only be a.ppr oximat ed , as the recording torquemeter v;as not 
installed on this engine. 

Due to occasional creeping, some difficulty was ex- 
perienced by the pilots in Maintaining the flap positions. 
Any rims in which the pilot indicated that this had oc- 
curred were dicarded. 

Flic'^ ht time .— The polar curves v/ere obtained from 400 

runs i/hich required 20 hours of flying time, A total of 

70 stalls was performed to obtain the C^^, data. Re— 

•^1 a -V 

cords were taken in a total of 262 turns which required 50 
hours flying time. 



RESULTS AND DISCTJSSIOII 



Airpl ane polars.- Plots of the polar curves of the 

airplane in the form of curves of Cj^ against C-q are 

shown in figure 5 for the three flap conditions tested. 
The equations for the parabolic curves plotted in figure 5 
are also shovm in the figtire. These curves were derived 
from flight-test data by plotting Cy^^- against Cj) for 

each flap condition and drav/ing a straight line through 

the points. The points plotted in the form of Cr^ against 

Cd showed some scatter, especially in the high Cj^.^ region. 

In this region, however, it was difficult to determine Cj). 
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a.cciir at el3^ from flight measurements because of unsteadi- 
ness of the airplane, and the straight line relationship 
chosen thus seemed to be reasonable and was convenient 
to use. 'The scatter of the points did not seem to bear 
any- r elat ione^hip to the variation in thrust diiring the 
test runs, which would appear to indicate that the method 
used to determine propeller efficiency and th.rust was ac- 
ceptable for this airplane and propeller combination* 
The curves of figure 5 appeared to be representative of 
the mean relation of Cj^ to Cj) even when, due to the 

action of the propeller, became greater than the 

maximum for zero thrust. 

Although the polar curves of the airplane may be 
different at various altitudes, due to the effects of 
different values of Reynolds and Ilach numbers, such dif- 
ferences have been assumed to be negligible in the present 
invest igat ion . 

Effect of thrust on Gt.^ ^ The curves -pertaining 
m ax ~ "-^ 

to the effects of thrust on Ct are iiresented in fir^ 

•"-•max 

ures S to 15. These curves v;ere derived from flight— test 
data as follows.. The approxim.ate time of stalling v/as 
determined by inspection of the records for each of the 
stall runs, and commutations of Cr^ were then made. 

The power delivered to the propeller at the time of the 
stall was determined from, the revolutions per minute and 
torquemeter indications, and the effective thrust was 
computed by the method previously explained for airpla^ne 
polars. A thrust coefficient Tr.^ v-ks' then determined 
by the relation 

Tc' a constant x 'Je = V — J -^T" 

The variations of Cj^ with T^^ for ":-rious flap do- 

m a^ 

flections are shown in figures 6 to 10. 3y plotting 
^^max ^ function of Tq' instead of T^, the slope 

j-C is numerically equal to the ratio of the increase in 
lift, d.uQ to the propeller, to the effective thrust and 
is also the value of IC used i'n rieforence 2. 
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Additional inf ornat ion is given in figures 11 and 
12. The variation of K with flap doilection shov/s that 
at a flap deflection of appr oxir^at ely 10^, K is a ina:?:i- 

m-ani (fig* 11). The chan;-e of -—-^ vjith flap deflec- 

dCL 

tion is also plotted in figure 11. figure 12 is a cross 

plot of i: against and the resulting curve is 

dCjj'^' 

closely approximated l:)y the paracolic equation given. 
Trom figures 6 to 10, it may he seen that 



^^max (power on) ^^nax ( Ta 3) 



2^ 



v;here K is a function of flap position. The foregoing 
equation and the values of K v;hich vrere obtained fron 
flight tests at relati-ely low altitudes have "been assumed 
to apply to flight at all altitudes for the piirpose of^ 
this investigation. It should he realized, however, that 
in turns made at very high altitudes, the changes in^ Mach 
and Reynolds numbers may "be large enough to affect the 
validity of this assumption to a considerable extent. 



The variation of C^,^ _ v;ith indicated airspeed 



in 



the turns was calculated upon the assumption that the 
maximum rated powers of the engine at 13,000 and 27,000 
feet altitude were available. These powers were taken as 
900 and 650 brake horsepower, respectively. Using the 
same propeller characteristics previously applied to ^ the 
flight-test data for the airplane polars, and an engine 
revolutions per minute of 2300, curves of thrust against 
indicated airspeed were computed and are shown in figure 
13. The above data v/ere then applied to the formula for 
C- ■ V and the variation of Cj with indi- 

^ -^max (power on}, --ma-'^ 

cated airspeed was determined for the desired flap, power, 
and altitude conditions (figs. 14 and 15). 

Ca lculated turns .- The calculated curves of minimum 

radius of curvature, time to turn 3S0^, and change of ^al- 
titude in 350^ turns at various speeds are shov/n in fig- 
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ures 16 to 21. These carves v/ore determined for an air- 
plane gross v/eight of 6500 pounds; flap settings of 0^', 
22^, a,nd 56*^; and for "brake horsepov/ers of 9 CO and 650 
at\'.\lt itudes of 13,000 and 27,000 feet, r esp ec t- 1 v ely . 
Equations (6), (7), and (8), and data iron figures 5, 13, 
and 14 were used in the conput at j. ons as indicated by 
sample calculation A in the appen6.ix. 

She radius of curvature and time to tiirn 360^ in 
horizontal turns were also calculated for various speeds 
and are shown in figures 22 to 27. The same conditions 
of v/eight, flap position, power, and altitude were assumed 
as in the precedin^^ calculations. Por these turns, sample 
calculation B, involving equations (S), (7), and (9) 
and data from fij^^ures 5 and 13, is ^:;iv3n in the appendix. 

Test turns Results of the flii?:ht tests are plotted 

as points on figures 13 to 27 for the conditions indicated. 
The test data v/ere reduced to radius of curvature, time, 
to turn 360^, and change of altitude in 360^ turns "b:/ the 
use of equations (7), (8), (lO), (ll), and (12). The 
flight'-path angle 6 v;as determined from the airspeed 
cind change in altitude. 

llo attempt was made to correct these test points to 
the conditions of weight, altitude, and "brake horsepower 
used for the calculated turns. In reading the various 
records made in turns, care v/as taken to select only" those 
turns or portions of turns during v/hich the desired steady 
conditions prevailed. 

D^iring the course of the tests, it was found that the 
application of the angular velocity u) obtained from the 
photographically recorded indications of the directional 
gyroscope to equation (12) gave the most reliable and con- 
sistent results. The test points shov/n vrere evaluated on 
this basis, except for a few cases v/here directional gyro- 
scope records v/ore not obtained. 

,CQinp_ar i son betw oeu calculated an d: test turns . — The 

test points shov/n in figures 16 to 21 for the radius of 
curvature represent the lov/er boundaries of fields of 
points obtained in flight. Since it is desired to xjre— 
sent only the minimum values for these tests, all of the 
test points have not been plotted. 
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figures 16 to 21 indicate that the calculated mini- 
mvLU radius of curvature represents the actual optimun 
turning a^bility of this airplane vrithin close margins. 
Since the calculated curves v/ere "based upon the use of 
^Ln-nx^ "^"^ would De eicpected that the curves would repre- 
sent aoGolute lower Ijoundaries of the radii of curvature. 
The fact that sone of the test points lie below these 
"boundaries is partially due to the deviations from the 
assumed conditions of weight, altitude, and hrake horse- 
pov;er used in the calculations, as indicated in the de- 
scription of the tests. This discussion also applies to 
the calculated and measured values of the time to turn 
360^, the agreement between them being similar to th-at 
for the radii of curvature. Also shov/n on figures 16 to 
21 are curves of calculated r<adius of curvature computed 
on a basis of Cl^^,. for Tq - 0 (neglecting the effect 

of thrust on ^Lmcz'J ^ each of the flap conditions. 

These curves indicate that this method is too conservca— 

tive for estimating the minimum, radius of curvature, 

especially in the low— speed region, and that the effect 

of thrust on Ct should be considered. Tor the 

•^m 

change of altitude in 350^ turns, there is a greater 
scatter among the tost points and a greater deviation 
from the calculated curves; hov/evor , the curves indicate 
satisfactorily the relative effects of flap deflections 
8.nd altitude on the loss of altitvcdo in turns. 

The test points for horizontal turns, plotted on 
figures 22 to 27, represent all turns in which the do- 
sired steady conditions prevailed, and there v/as no 
noticeable change of altitude. It should bo pointed out 
that the test points do not represent boimdaries of a 
field of test points, as vras the case for turns at nearly 
Cl^.,- addition to the curves which v;ore compVLtcd on 

a basis of 9 00 and 650 bra:':o horsepower, curvos are shown 
on figures 22 and 25 for com.putat ions based on 800 and 
600 brake horsopov/or, respectively. Those cur\-es illus- 
trate the. effect of a reduction of power. Thrust curves 
for those lov/er -powers arc shov/n on figure 13. 

As the speed at \jhich horizontal turns are flown at 
constant horsepovror is reduced, the lift coefficient in- 
creases until a speed is reached at which Cj^ is a ma:^i— 

mum for that speed. Thus, in figure 22, for 9 00 brake 
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horsepov/er this speed is llo,5 miles per licur. figure 
16 also sliows this speed as the zero loss of altitude 
turn ^-^.t C-r for the sriven conditions. Any turn, 

even at for this "brake horsepower and at a speed 

"belov/ 113.5 miles per hour would he a climhing turn. To 
fly horizontal tuirns at a lower speed would require a de- 
crease in power, and the portions of the curves for 
speeds helov/ these critical speeds in figures 22 to 25 
have "been computed on the "basis of this decreasing power 
roauired. For the conditions of figures 26 and 27, as 
speed is reduced the minimum speed for level flight (in- 
finite radius horizontal turn) is reached "before the 
lift coefficient "becomes a maximum, and hence it is not 
possible to fly a horizontal turn at ^Lmax these 

conditions . 

The tost points and the calculated curves for the 
radius of curvature in horizontal flight at 15,000 feet 
altitude for the various flap conditions are in close 
agreement, as shown in fig\ires 22, 23, and 24. 

The horizontal turns, at 27,000 feet altitude (figs. 
25, 26, and 27) show greater scatter of the test points, 
especially for the flaps-deflected (high drag) conditions. 
At these conditions and where the airplane approached 
its ceiling., the effects of slight changes of power out- 
put, or of unsteady atmospheric conditions, were accentu- 
ated. Small changes of angle of iDanlc in similar turns," 
while giving no noticoahlc lateral acceleration, had a 
large effect upon the radi^^s of curvature, as did slight 
variations of piloting technique. It is also possible 
that at this altitude the actual lift and drag character- 
istics of the airplane varied somewhat from the lift and 
drag characteristics o"btained at lower altitudes due to 
the difference in Mach numhers for the different altitudes. 
Despite the scatter of the test points, the calculated 
curves for figures 25 and 26 represent closely the mean 
c^\rves through the test points and hence may "be considered 
indicative of the performance of the airplane. ?or the 
flaps 56^ down condition (fig. 27) there was a relatively 
small amount of power avaiia'ble for maneuvering, and the 
effects of the ahove— ment ioned difficulties were so great 
that it was impos.si'ble to obtain consintent test points 
est a'Dlishing the turning performance or verifying the 
calculat ions . 
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The tine to turn 360^ in horizontal flight (figs. 22 
to 27), as shov/n ooth "b^ the test points and the calcu- 
lated curves, varies in a manner similar to that for the 
corr osponding valiic of radius of curvature, since in equa- 
tion (7) cos 0 = 1 for horizontal turns. 

AiriDlahe t urninc^-r perfor m ance as affected "by flaDS 
an d alt i tude The calculated curves v;ill "be used as the 
"basis for f^irther discussion. These curves are preferred 
since they are iDased on standard conditions of v/eight , 
altitude, and po\7er output; whereas, curves that might 
have "been drawn through the test points vfould have repre- 
sented somewhat variable conditions. 

An examination of figures 16 to 21 shows that for 
each of the specified condtions, the minimum radius of 
curvature is practically constant for indicated airspeeds 
above 100 miles per hour at 13,000 feet altitude and above 
110 miles per hour at 27,000 feet altitude. The time to 
turn 360^ decreases as speed increases, but at a sacri- 
fice of altitude. This loss of altitude in 360^ turns 
varies approximately linearly with the airspeed, and for 
the same density altitude the curves for the different 
flap deflections are nearly parallel. 

Comparing the results for the various flap deflec- 
tions at 13,000 feet altitude (figs. 16, 17, and 18), an 
increase of flap deflection results in a decrease of ' the 
minimum radius of curvature and the time to turn 360^, 
but vfith an additional sacrifice of altitude. The initial 
22 flap deflection has a greater effect thanvthe addi- 
tional 34^ deflection v/hich produces the 56^ down condi- 
tion. At 27,000 feet altitude (figs. 19, 20, and 2l), 
the same r elat ionshijjs betv/een flap conditions apply but, 
for a given flap s.etting, the absolute values of radius, 
time, and change in altitude are greater at the higher 
altitude. Examining equation (6), this increase in 
radius is seen to be due to the decrease in air density 
and to the small effect of changes in ^Ltq^^x ® 
brought about by the decreased horsepov;er. 

In the horizontal turns at 13,000 feet altitude 
(figs. 22, 23, and 24), there is for each flap deflection 
a horiiiontal turn, of minimum radius when the airplane is 
flying at ^Lniax* '^^lis minimum radius and the speed at 

which it occurs decrease with increasing flap deflection. 
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As previously explainod, the radii of curvature for speeds 
below these critical speeds vere computed on the "basis of 
reducing pov/er to maintain the turns horizontal. Actuall:/, 
it v/ould no doubt "be preferable at these lov/er speeds to 
fly climbing turns at the stall boundary curves of figures 
15, 16, and 17. At any speed above about 112 miles per 
hour, the radius for the flaps—up condition is smaller 
than that for each of the flaps—deflected conditions. 
Above 123 miles per hoMv the radius increases ^^^ith an in- 
crease in flap deflection, and the advantage of having 
the flaps up increases v;ith speed. As previously noted 
for the horizontal turns, the time to turn SSO^ varies 
with speed in a manner similar to the radius. 

Por the horizontal turns at 27,000 feet altitude, 
(figs, 25, 26, and 27), the flaps— up condition appears to 
be the optimum. It is seen that the horizontal turn of 
minimum radius no longer occurs at the speed where 

reaches the maximum, but at some higher speed. As pre- 
viously mentioned, Ct cannot be reached in horizon— 

•^max 

tal turns for the flaps— down 22*^ and 56^ conditions at 
this altitude and, as flap deflection is increased, the 
speed r?.nge over v;hich horizontal turns may be flovm is 
considerably decreased. For a given speed the radius of 
curvature is alv/ays less \iith flaps up (fig. 25) than 
v/ith flcips dov/n (figs. 26 and 27). A comparison of values 
of the radius of curvature for flaps 55^^ dovm with those 
for flaps 22^ down shows that the minimum radius horizon- 
tal turn is slightly smaller for the 55'^ setting, and', 
the radius is smaller at each speed below 97 miles per 
hour. At higher speeds the radius increases rapidly and 
is greatest for the 55^ setting. Compared to the hori- 
zontal turns at 13,000 feet, those at 27,000 feet for the 
same flap position show a much greater radius, due not 
only to the decrease in air density, but also to the lov;er 
brake horsepovy-er. Analysis shows that flaps can decrease 
the radii of horizontal turns only if, ever the range of 
drag coefficients considered, the corresponding lift co- 
efficients are greater with the flaps deflected. 

Airplane turnin /r performance as affected by v;ei^ht . — 
Due to the fact that the gross v/eight oi the airplane 
co-did not be varied conveniently over a wide range, no 
flight tests were made to study the effect of v;eight on 
the turning performance; however, figures 28 to 31 show 
the computed effect of an increase and a decrease of 1000 
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pounds in airplane gross v;ei£:ht. The curves in these 
figures for the standard airplane v/eight of 6500 pounds 
have been taken from figures 16, 19, 22, and 25. 

As would he expected from equation (5), these changes 
of v;eight cause a corresponding suhstanti^il change of 
radius of curvature and time to turn 350^ in turns at 
^I^mf'X (^^ife's. 28 and 29). The effects of the changes of 

radius of curvature and flight—path angle are such that 
little difference in loss of altitude in 360^ turns occurs, 

Por riost horizontal turns, is less than maximiim 

and hence, as may he seen from an examination of the term 



in equation (C), a given change of weight hae 
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greater percentage effect on radius of curvature than for 

turns at <^L^^^* 'This is especially evident in the hori— 
max 

sontal turns at 27,000 feet altitude (fig. 31 ). 

Tur n i n ^— :o er f o r m ci n ee d i a.£:r am s . — Tor convenience, t ur n— 

ing— performance diagrams for each flap and altitude condi- 
tion for this airplane are presented in figures 32 to 37 
in the form used in references 3 and 4. . Information con- 
cerning any turn v/ithin the limits and ranges of these 
diagrams m.ay thus he found. These data are also presented 
in figiires 33 and 39 in the more general form of refer- 
ence 5. The method hy v/hich figures 38 o.nd 39 were com- 
puted conformed in general v/ith the method of reference 5, 
with the exception that the effect of thrust on ^Lnax 

v/as considered. Sample calculation A in the appendix 
partially illustrates the methods used to oh tain figures 
32 to 39 . 



COITCLUSIOKS 



In general: 

1. The turning performance of an airplane can he cal- 
culated v;ith Satisfactory accuracy hy the methods of this 
report, provided the airplane polar and thrust curves are 
available for the specified conditions. 
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2. The effect of thrust on the maximum lift coef- 
ficient should he considered in predicting the turning 
performance of an airplane, especially in the lovi-speed 
r egion • 

For turns flov/n at a given altitude at nearly maxi- 
mum lift coefficient v/ith the ITavy F2A-3 airplane: 

3. The radius of curvature and time to turn 360*^ 

at a given speed decreases as the flap deflection is in- 
creased, 

4. The radius of curvature for a given flap deflec- 
tion is a nearly constant minimum over a v/ide range of 
sp eed . 

5. The loss of altitude in 360^ turns increases as 
the flap deflection is increased, and the difference of 
this loss of altitude for any tvro flap deflections is 
appr o::imat ely constant over the sj)eed range considered 
(90 to IGO miles per hour), 

S. The loss of altitcide in 360^ turns for a given 
flap deflection varies approximately linearly \jith air- 
speed over the speed range considered. 

7. For the flap deflections considered in this re- 
port, the effect of the first 22^ of flap deflection on 
turning performance is greater than the additional effect 
of the last 34^. 

8. The tiirning perform.ance is poorer at the higher 
altitudes, diie chiefly to the direct effect of decreasing 
air density. 

9. An increase in the airplane gross v/eight results 
in an increase in the radius of curvature and the time 
to turn 350^. The change of altitude during a 360^ turn 
is affected hut little hy changes in v/eight. 

For horizontal turns flown at 13,000 feet altitude 
with the Havy F2A— 3 airplane: 

10. For each flap deflection there is a speed at 

v/hich the radius of curvature is a minimum, and for this 

turn the airplane is heing flown at the maximum lift co— 
ef f icient , 
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11. The minimum radius of curvature and the speed at 
which it occurs decrease as the flap deflection is in— 
cr eased. 

12. At any airspeed atove 112 miles per hour the 
radius of curvature is a minimum vrith flaps up, and this 
advantage over the other flap deflections increases v/ith 
airspeed. 

?or horizontal turns at 27,000 feet altitude v;ith 
the ilavy r2A— 3 airplane: 

13. ?or each flap deflection there is a speed at 
which the radius of curvature is a minimum, iDut for this 
turn the airplane is not being flown at the maximum lift 
coefficient . 

14. 'The maximum lift coefficient cannot oe reached 
in horizontal turns for the flaps 22^ and 56^ deflected 
conditions, 

15. At any speed the radius of curvature is a mini— 
m.um for the flaps— up condition. 

16. 'The turning perforraance is inferior to that for 
horizontal turns at 13,000 feet altitude, due to the di- 
rect effect of decreased air density and to the reduced 
pov/er output. 

17. A change of the airplane gross weight has a 
large effect on the turning performance, and a decrease 
of weight would result in greatly improved performance. 



Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Pield, Calif. : 



APPEITD IX 
SAIIPLE CALCTJLATIOITS 

Example A.- The sample calculations are carried out 
for the follovjing conditions: 
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Speed 120 niles per hour 

V/eight 6,500 pounds 

Lift coefficient • ' . Ct 

Win{^ area 208.9 square feet 

?laps Up 

Density altitude. . . 13,000 

a 0.673 

Pov/er 900 "brake horsepov/er 

(The point for v/hich computations are r.iade is plotted 
in figure 16) 

^ The steps required for the computation of the turn- 
ing performance are as follows: 

1. xroni figure 14, .for flaps up at 120 miles per hour 

•^t -^nax 

2. Prom figure 5, for flaps up at Cj, = 1.71 

Cj)^ = 0.235 

3. The drag in the tu.rn 



2t C^t qS 

(0.235 ) ( 0.00255) ( 120)" ( 208 .9 ) 
- 1812 pounds 

4. Pron figure 13, v/lth 900 hrake horsepov/er at 



13,000 feet altitude, for' 120- miles per hour 

I'e 1635 pounds 
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5. 



c in 6 



f — 71 



s in 6 = 



1635 - 1812 
6500 



= - 0.0273 



0 = -1.6' 



cos 0 = 0.9896 



6, The radius of ciirvature 



R = 



(1.47)-' Vi'^ 



a g 



— COS' 



1 / a 



(1.47)*'' (120)' 



( 0.672)(32.;;0 



(.1.7l)( 0.025 5)( 120 )^ ( 2 08.9 ) 
6500 



-(0.9995)^1 



P. - 818 feet 



t = 



Tine to turn 360 

2nEo-i/^coc0 
1.47 

( 2 )( 3.14) (818 )( 0.572)^^^ (0.9996) 
( 1.47) ( 120) 



23,9 seconds 



8. The change in altitude in a 366*^ turn 



AE = 2TTHsin0cos9 

AH ( 2)( 3.14)( 818)(-0.0273)( 0.9S96) = -141 feet 
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The computations made in order to present the data 
in the forn of the tur n ing— p er f o rman ce diagram of figure 
52 arc shovm in the follov/ing steps: 

9, The lift coefficient in straight flight 

W cos 00 



cl 



I 



qS 



Since cos 6^ is practically unity in the range 
cons ider od 

(6 5eo) 

7 = r ' = 0-S4 

^ ( 0.00255)( 120)'^'(208.9 ) 

10. ?roin figure 5, for Cj, =• 0.84 

Cd J C. 08 0 

11. The drag in straight flight 

( 0.080)( 0.00255)( 120)^ (203 .9 ) - 615 pounds 



12. sin 9q 



a lSo5 ~ 615 ^ 
sxn ^ 0.15 7 

6t)00 

0Q = 9.0^ (ordinate of angle of straight- 
climb cu.rve) 

13. Go - e 9.0 - (-1.5) = 10.6^ (ordinate of 

stall hounda^ry curve) 

The computations mad-e in order to present the data 
in the form of the turning— perrormance diagram of figure 
38 '-xr e shown in the follo\ring steps: 

14-. I'roii figure 5, for flaps up 
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= 0.070 

dCL^ 



15. The span loading 



/ , W dCD 



S dCL 



2 



, ( 5.14 ).. (650 0) . ( 0.070) _ , 

I z=: = O . 0 4 



16. V - 



208 .9 

( Tq - Dp J_ _ sin 9o 
¥ " Is " Is 



0.157 
7 n: 0.0230 

6.84 



17. AY 



W Is 



^7 - = 0.0259 

( 6500)( 6.84) 



Example 3.— Steps required for the computation of 

the radius of curvature and time to turn 360° for a 
horizontal turn are as follov.'S. (The conditions are the 
same as in Example A except for the value of . The 

Xjoint for which coraputat ions are made is plotted in fig— 



•or e ;j a , ) 



1. Te - Ci)^ qS 

Q- =. . = 0.213 

* ( 0.00255 ) (120)" ( 208.9 ) 



Prom figure 5, for flaps up at = 0.213 



Cl^ - 1.63 
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3, The radius of curvattire 



R = 



(1.47)" 7i' 



L\ \^ J 



( 1.47)^( 120) 



( C.S73)( 32.2) 



( 1.65)( 0.0035 5)( 1 30)"( 208 .9) 
( 6500) 



a ^ 877 feet 



'he time to turn 350 



t - 



i / 

2 n Rg ' " cos 9 
1.47 



t = ( 0 . 57g ) ' ( 1 2 

( 1.47)(13C) 



= 25,4 seconds 
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* POSITION AS TESTED IN FLIGHT (WME£LS DOWN) 
Figure 1* '^^T ^2A-3 airplane, thrae-Tiaw drawing* 



//V 57-£^^x rc^/c/^y/vo /^z/^///: 



NACA 



Fige. 2,3 




Figure 2.- Three-quarter front view of Navy F2A-3 airplane as instrumented for tests, flap 
down. 
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Figure 3.- Side view of Navy F2A-3 airplane as instrumented for tests, flaps down. 
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Drag coefficient, Cn 



rinire 5.- Variations of lift coefficient ^itb <J.rag coefficient for various 
flap positions, Navy F2A-3 airplane. 
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Fi^rore 6.- Variation of maxinrjLra lift coefficient with thrust coefficient, flaps up, Kavy F2A-3 
airplane. 
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Figs. 7,8 
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Fir-r^jLre 7.- Variation of maxinrcoi lift* coefficient with thrust coefficient, flaps 4° dovm, Navy 
F?A-3 airplane. 
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Figure 8.- Variation of maxiraum lift coefficient with thrust coefficient, flaps 8° down, 
Navy F2A-3 airplane. 
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Figure 9.- Variation of maxirnfun lift coefficient with thrust coefficient, flaps 22° dovm, Navy 
F2A.-3 airplane. 
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Figure 10.- Variation of maximum lift coefficient with thrust coefficient, flaps 56^ dovm, Navy 
F2A-3 airplane. 
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Figure 11.- Variation of K and dS^J&O-^ with flap deflection, 
Navy F2A-3 Airplane. 
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Figure 12.- Variation of K with dCp/dCL^, Navy F2A-3 airplane. 
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Figure 13.- Variation of thrust with indicated air- 
speed for various altitudes and horsepowers 
at 2300 rpm, Navy F2A.-3 airplane. 
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